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wB97X-D/6-311++G** wB97X-D/aug-cc-pVTZ M062x/aug-cc-pVTZ CCSD(T)-F12a

a-pinene 0.24 0.08 0.31 0.35a

b-pinene 6.1 1.8 2.2 4.0a

limonene 7.1 1.5 1.8 3.9b

wB97X-D/6-311++G** wB97X-D/aug-cc-pVTZ M062x/aug-cc-pVTZ CCSD(T)-F12a

a-pinene 2.3 3.1 11.9 1.1a

b-pinene 2.7 4.7 14.9 1.4a

limonene 6.4 7.8 15.8 4.0b

1,5-H shift rate constants (s-1)

6-exo-cyclization rate constants (s-1)



a-pinene

(+)-a-pinene

3R-OH, 8RO2

Yield RO3 = 10.6%

3R-OH, 6R-RO2, 8OOH

+

3OH, 7S-RO2, 8OOH

3 ketone, 8OOH

2S-RO2, 3R-OH, 7OO8 ring

*3R-OH, 6R-OOH, 8RO2

*2R-OOH, 3R-OH, 8RO2

*3OH, 7S-OOH, 8RO2

1,5-H shift, O2

1,6-H shift, O2

Exo cyclization, O2

1,7-H shift

1,9-H shift

1,8-H shift

Further autoxidation
Yield RO

1st gen. RO3

2 gen. RO5

initiation

autoxidation
step 1

3S-OH, 8RO2

2S-RO2, 3R-OH, 8OOH2R-RO2, 3R-OH, 8OOH

+

3R-OH, 6S-RO2, 8OOH

3OH, 7R-RO2, 8OOH

+

+

3R-OH, 6S-OOH, 8RO2

+

3OH, 7R-OOH, 8RO2

+

2R-RO2, 3R-OH, 7OO8 ring

3S-OH, 6R-RO2, 8OOH

+

2S-RO2, 3S-OH, 8OOH2R-RO2, 3S-OH, 8OOH

+

3S-OH, 6S-RO2, 8OOH

+

3S-OH, 6R-OOH, 8RO2

1,7-H shift
+

3S-OH, 6S-OOH, 8RO2

2R-OOH, 3S-OH, 8RO2

1,9-H shift

OH, O2



a-pinene

Yield RO7 (HOM) = 4.6%

3rd gen. RO7

2nd gen. RO5

3OH, 7S-OOH, 8RO2

2RO2, 3OH, 
3OO8 ring, 7S-OOH

2RO2, 3OH, 
7S-OOH, 8OOH

3OH, 7 ketone, 
8OOH

3OH, 4RO2
7S-OOH, 8OOH

3R-OH, 6R-OOH, 8RO2
1,5-H shift, O2 1,6-H shift, O2

3R-OH, 6 ketone, 
8OOH

3 ketone, 6R-OOH, 
8OOH

3R-OH, 6R-OOH, 
7RO2, 8OOH

2RO2, 3R-OH, 
6R-OOH, 7OO8 ring

2R-OOH, 3R-OH, 8RO2

2R-OOH, 3 ketone,
8OOH

2R-OOH, 3R-OH,
6OO8 ring, 7RO2

autoxidation
step 2

Exo cyclization, O2



b-pinene

(+)-b-pinene

1OH, 8RO2

Yield RO3 = 11.6%

1OH, 6R-RO2, 8OOH

1OH, 2S-RO2, 8OOH

1OH, 3R-RO2, 8OOH

1OH, 7S-RO2, 8OOH

1OH, 2R-RO2, 7OO8 ring

*1OH, 6R-OOH, 8RO2

*1OH, 2S-OOH, 8RO2

1OH, 3S-OOH, 8RO2

1,5-H shift, O2

1,6-H shift, O2

Exo cyclization, O2

1,7-H shift

1,9-H shift

1,8-H shift

Further autoxidation
Yield RO

1st gen. RO3

2nd gen. RO5

*1OH, 7S-OOH, 8RO2

1,8-H shift

initiation

autoxidation
step 1

OH, O2

1OH, 6S-RO2, 8OOH

+

1OH, 2R-RO2, 8OOH

+

1OH, 3S-RO2, 8OOH

+

1OH, 7R-RO2, 8OOH

1OH, 2S-RO2, 7OO8 ring

+

+

+

1OH, 6S-OOH, 8RO2

1OH, 7R-OOH, 8RO2

+



b-pinene

Yield RO7 (HOM) = 3.8%

1OH, 6R-OOH, 8RO2

1OH, 6 ketone, 
8OOH

1OH, 3RO2, 
6R-OOH, 8OOH

1OH, 6R-OOH, 
7RO2, 8OOH

1OH, 2RO2, 
6R-OOH, 7OO8 ring

1OH, 2S-OOH, 8RO2

1OH, 2R-OOH,
6OO8 ring, 7RO2

1OH, 7S-OOH, 8RO2

1OH, 2RO2,  
3OO8 ring, 7S-OOH

1OH, 2RO2, 
7S-OOH, 8OOH

1OH, 7 ketone, 
8OOH

1OH, 4RO2
7S-OOH, 8OOH

3rd gen. RO7

2nd gen. RO5

autoxidation
step 2

1,5-H shift, O2 1,6-H shift, O2 Exo cyclization, O2



limonene 2nd gen. RO5

(+)-limonene

8R-RO2, 9OH

Yield RO3 = 24.8%

6R-RO2, 8R-OOH, 9OH

2S-RO2, 8R-OOH, 9OH

3R-RO2, 8R-OOH, 9OH

7S-RO2, 8R-OOH, 9OH

2S-RO2, 7OO8 ring, 9OH

*6R-OOH, 8R-RO2, 9OH

*2S-OOH, 8R-RO2, 9OH

3S-OOH, 8R-RO2, 9OH

1,5-H shift, O2

1,6-H shift, O2

Exo cyclization, O2

1,7-H shift

1,9-H shift

1,8-H shift

Further autoxidation
Yield RO

1st gen. RO3

*7S-OOH, 8R-RO2, 9OH

1,8-H shift

initiation

autoxidation
step 1

OH, O2

8S-RO2, 9OH

6S-RO2, 8R-OOH, 9OH

+

2R-RO2, 8R-OOH, 9OH

+

+

3S-RO2, 8R-OOH, 9OH

7R-RO2, 8R-OOH, 9OH

2R-RO2, 7OO8 ring, 9OH

+

+

Same products as above but with 
stereochemistry switched to S at site 8

6S-OOH, 8R-RO2, 9OH

+

7R-OOH, 8R-RO2, 9OH

+



limonene

Yield RO7 (HOM) = 7.6%

6R-OOH, 8R-RO2, 9OH

6 ketone, 
8R-OOH, 9OH

3RO2, 6R-OOH, 
8R-OOH, 9OH

6S-OOH, 7RO2, 
8R-OOH, 9OH

2RO2, 6S-OOH, 
7OO8 ring, 9OH

2S-OOH, 8R-RO2, 9OH

2S-OOH, 6OO8 ring, 
7RO2, 9OH

7S-OOH, 8R-RO2, 9OH

2RO2, 3OO8 ring, 
7S-OOH, 9OH

2RO2, 7S-OOH, 
8R-OOH, 9OH

7 ketone, 
8R-OOH, 9OH

4RO2, 7S-OOH, 
8R-OOH, 9OH

3rd gen. RO7

2nd gen. RO5

autoxidation
step 2

1,5-H shift, O2 1,6-H shift, O2 Exo cyclization, O2



Reaction Type DG‡ (kcal/mol) k calc (s
-1)

a-pinene 2nd step autoxidation reactions

1,6-H shift 18.8 2.7E+01

5-exo cyc. 15.7 2.0E+01

6-exo cyc. 15.9 1.4E+01

b-pinene 2nd step autoxidation reactions

6-exo cyc. 14.6 1.2E+02

1,6-H shift 20.1 3.3E+01

5-exo cyc. 15.8 1.7E+01

limonene 2nd step autoxidation reactions

1,5-H shift 20.2 1.3E+01

6-exo cyc. 16.1 9.7E+00

5-exo cyc. 16.2 7.9E+00

1.

3 ketone, 6R-OOH, 8OOH 3R-OH, 6R-OOH, 7RO2, 8OOH

and

3R-OH, 6R-OOH, 8RO2

2.

2R-OOH, 3R-OH, 6OO8 ring, 7RO22R-OOH, 3R-OH, 8RO2

3.

2RO2, 3R-OH, 6R-OOH, 7OO8 ring3R-OH, 6R-OOH, 8RO2

4.

1OH, 2RO2, 6R-OOH, 7OO8 ring1OH, 6R-OOH, 8RO2

1OH, 7S-OOH, 8RO2 1OH, 7 ketone, 8OOH

5.

1OH, 2S-OOH, 8RO2 1OH, 2R-OOH, 6OO8 ring, 7RO2

6.

6R-OOH, 8R-RO2, 9OH 6 ketone, 8R-OOH, 9OH

7.

8.

6R-OOH, 8R-RO2, 9OH 2RO2, 6S-OOH, 7OO8 ring, 9OH

2S-OOH, 8R-RO2, 9OH 2S-OOH, 6OO8 ring, 7RO2, 9OH

9.



0%

1%

2%

3%

4%

5%

6%

7%

8%

9%

0.001 0.01 0.1 1 10 100

R
O

7
yi

el
d

NO (ppb)

a-pinene

b-pinene

limonene



2.06 Å

1.90 1.92

2.05 2.09

1.94

a-pinene b-pinene limonene



a-pinene
(2R-OOH,3R-OH,8RO2)

b-pinene
(1OH,2S-OOH,8RO2)

limonene
(2S-OOH,8R-RO2,9OH)

axial-likeequatorial-like

DG = 2.1 kcal/mol

DG = 2.9 kcal/mol

DG = 2.5 kcal/mol



TOC Graphic

1,5-H shift

monoterpene 
RO3 radical

1,6-H shift

6-exo
cyclization

1,5-H shift

1,6-H shift

6-exo
cyclization

5-exo
cyclization

RO5 radical RO7 radical

OH initiated atmospheric autoxidation:

rate ~ 4 s-1 rate ≥ 10 s-1

rapid very rapid

propagation
step 1:

propagation
step 2:


